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ABSTRACT
Additive manufacturing allows the rapid process of complex objects with excellent design
flexibility. However, the products often exhibit poor mechanical properties when pure polymer is
applied as printable material. In this work, we demonstrate that printability of polymer can be
dramatically improved when particle filler is added to form reinforced polymer composites.
Furthermore, the interaction between filler and polymer matrix leads to the enhancement in
mechanical properties of the printed product. The material reinforcement induced by addition of
fillers enables the wide application of polymer composites to print structures with unique features.
In the printing of silica-reinforced pNIPAM composite, we demonstrate that spatial reconfiguration
of the printed monolayers upon increasing temperature is governed by the local geometry, which
allows mimicking the reconfiguration of plant leaves in natural environment. In the printing of
lignin reinforced zein composite, we illustrate the enhanced biodegradability of printed structures
under ambient condition, which enables the lignin-zein composite as excellent alternative to nondegradable plastics. This work lays a foundation for developing new fabrication platform to print
customized structures which may find potential applications in biomedical devices, sensors, and
electronics manufacturing.
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CHAPTER 1. INTRODUCTION
This chapter will provide a brief introduction to additive manufacturing and its application, as well
as the materials that can be selected as “printable ink” in such process. Additionally, this chapter
will also introduce the concept of microstructure-reinforced polymer composite, which can be
utilized in high-resolution additive manufacturing to print three-dimensional objects with
enhanced mechanical properties. Inspired from this idea, this chapter will demonstrate the
extensive application of reinforced polymer composites in fabricating thermoresponsive and
biodegradable structures and the motivation behind.
1.1. Additive manufacturing
Additive manufacturing (AM) has revolutionized the way products are fabricated. First described
by Charles Hull in 1986, AM refers to the process in which an object is constructed from a threedimensional (3D) model by the accumulation of materials, often layer by layer. AM provide a rapid
solution to produce structures with satisfaction in product geometric accuracy1,2. Without
removing material from bulk, AM shows its advantage over conventional subtractive
manufacturing (SM) in constructing more complex structures with reduced time, cost and waste3.
According to its advantages, AM is not only suitable for prototyping, but also widely applied in
various fields including aerospace, medical, motor vehicles and electronics4, as illustrated in
Figure 1.1.
A typical technique utilized in AM is fused deposition modeling (FDM), where material feed
is melted that can be extruded in filament form and deposit onto a platform. After layer-by-layer
accumulation of 2-dimentional patterns, a solid 3D structure can be shaped after material
1

solidification5. The main drawback of FDM is that the printing resolution is limited by the nozzle
diameter in material extrusion6. A thin nozzle is required in order to achieve high-resolution FDM,
and a low viscosity of molten material to enable the extrusion. However, the lack of mechanical
strength for such thin extruded filaments often result in failure in modeling.
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Figure 1.1. Market share of AM by industry in 20174
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Another technique that most commonly used in AM is stereolithography (SLA), based on
polymerization that can be initialized by light/laser. Typically, photocurable monomer of liquid
resin is presented in a reservoir along with photoinitiator. The motion of the resin is controlled by
a building platform. After a thin layer of resin is exposed to the light and thus is polymerized into
a 2D pattern, the platform will be lifted or lowered in order to ensure another neighbored layer of
uncured resin is ready to be patterned7. SLA shows a highest resolution among all AM techniques
by controlling the incident photons, which allows the quick printing of objects with complex
structures8,9. Unfortunately, the wide application of SLA in rapid fabrication is hindered, due to
the limited selection of photosensitive materials that can be processed in such AM technique.

Figure 1.2. Schematic typical (a) FDM and (b) SLA setup2
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1.2. Printing of polymer composites
In general, there is a broad selection of materials, from metal to polymer, that can be utilized as
“printable ink” in AM. Known as 3D printing, AM offers a rapid, inexpensive solution to print
polymer materials into desired structures in small batch production3. Typical polymer material that
can be processed in AM includes polyamide (PA), polylactic acid (PLA), and acrylonitrile
butadiene styrene (ABS)2,10,11. As one of the most investigated polymers, PA is extensively applied
in SLA because its performance in melting and bonding by laser is better than other common
polymers12. ABS is one of the common materials that can be utilized in FDM for its relatively low
melting point, which is favored when serving as thermoplastic feed13. However, objects printed
from pure polymer often exhibit poor mechanical strength and functionality, especially when the
material is patterned into complex structures in high-resolution printing processes. Such
drawbacks limit the industrial application of AM in processing high performance polymer
materials in mass production14.
In order to overcome the bottleneck of product mechanical strength, polymer composite is
broadly applied in AM to fabricating objects with enhanced performance15. A polymer composite
can be regarded as a system with the addition of microstructures as filler to the polymer matrix16,
as illustrated in Figure 1.3. Common materials that can be added as fillers include natural fiber,
glass fiber, carbon fiber, nanotube and solid particle17–21. Typically, these microstructures are
blended into polymer matrix by mechanical mixing or ultrasonic dispersion to form polymer
composites. With uniform distribution in the matrix, the filler provides a large surface area that
can be interactive with the polymer material. Various interaction can be observed in this case,
4

including the formation of chemical bond and hydrogen bond between filler and polymer, as well
as Van der Waal and electrostatic interaction22–25. Such interaction induces considerable interfacial
adhesion between the filler and polymer matrix, and therefore reinforces the composite as a
material with enhanced structural and mechanical properties26. When comparing to other pure
polymer materials such as PLA and ABS, the reinforced polymer composite exhibits dramatically
high stiffness and strength when applied in AM, which can be illustrated in Ashby diagram as
shown in Figure 1.427. The enhancement in mechanical properties enables the application of
reinforced polymer composites in polymer printing with increased printability to fabricate more
complex structures. Furthermore, with well-tuned matrix/filler mixing ratio, polymer material can
be reinforced while retaining its corresponding unique features, such as the response to external
stimuli and the degradability with the presence of selected microorganisms. These features imply
the potential application of reinforced polymer composites to fabricate high performance
functionalized objects that can be widely utilized in biomedical devices, sensors, and electronics.

5

Figure 1.3. Schematic representation of the constituents of reinforced polymer composites

Figure 1.4. Ashby diagram showing mechanical properties of polymer materials, reinforced
polymer composites and other materials that applied in 3D printing27
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1.3. Reconfigurable silica-pNIPAM nanocomposite
Ability to change shape in response to the environmental conditions is one of the impulsive actions
of living organisms28–31. Such structural reconfiguration is widely observed in plants, insects and
animals. While the origin of shape change in natural world is buried in the centuries of
evolution31,32, mimicking such unusual abilities is the key to design intelligent materials that
respond and adapt to environmental conditions33–38. Recent developments in the engineeringdesign have enabled fabricating new materials which dynamically reconfigure in response to
external stimuli such as temperature, light and external fields39–44. The underlying principle of
engineering such shape changing objects is the coupling of its geometric design with the
asymmetric local stresses induced in the material by external stimuli. This principle has been used
to synthesize a large variety of functional materials that undergo reversible change in their size,
shape and corresponding physical properties45–47. A pre-requisite for fabricating such shape
changing materials is physical or chemical binding of two (or more) layers of materials with
dissimilar stimuli-induced strains48–51.Fabricating such anisotropic materials requires complex
synthetic approaches, such as lithography, which limits the large-scale applicability of these
adaptive and responsive materials.
3D printing is at the center of manufacturing breakthrough for fabrication of materials at a
broad spectrum of scales in many different disciplines including biomedicine, and structural
engineering52–55. However, printing high-resolution adaptive structures that change shape in
response to external temperatures remains a challenge33,56,57. Recently, Gladman et al.58 used paste
extrusion technique to print thermoresponsive bilayer structures that reconfigure into complex 3D
7

shapes, and the method was termed as 4D printing. The printed sheets of cellulose embedded
poly(N-isopropylacrylamide) hydrogel reconfigured into desired shapes by asymmetric local
stresses operational in the two distinct layers forming the sheet. While the method enables
fabricating complex biomimetic shapes, the printing resolution and speed remains limited by the
necessity to print “bilayers” using nozzles (diameter >250 µm). In Chapter 2, we first present a
new class of thermoresponsive silica nanoparticles-(N-isopropylacrylamide) ink that can be
printed into high resolution structures using laser as a remoted printing source. Secondly, using
this ink, we demonstrate that a bilayer structure is not necessary to program the bending and
reconfiguration of the printed structures. The bending and reshaping ability of the printed sheets
can be programmed within the design of the printed monolayers.
Stimuli-responsive hydrogels physically reconfigure in response to external triggers such as
heat, light, pH, and electromagnetic fields56,59–64. One such hydrogel is poly(Nisopropylacrylamide) (pNIPAM), which shows a rapid and reversible volumetric change at critical
temperature known as lower critical solution temperature (LCST)65–70. At temperature T > LCST,
pNIPAM molecules undergo coil-to-globule transition that leads to shrinking of the hydrogel.
Despite the excellent thermoresponsive characteristics, pNIPAM lacks in mechanical strength
when the size of printed structures is less than 1 mm58,61. Although higher concentrations of
NIPAM monomer can enhance stiffness of pNIPAM, volumetric change in response of temperature
changes and the resolution of printed structures are compromised56. In this study, we demonstrate
that such manufacturing limitations can be overcome by addition of nanoparticles to the NIPAM,
which enhances the mechanical properties of the printed structures, while retaining the
8

thermoresponsivenss of the polymer backbone.
1.4. Biodegradable lignin-zein composite
Plastics are the backbone of modern manufacturing with 8,300 million metric tons per year
produced world-wide71. However, only 9 % of plastic in the world is recycled, and the vast majority
is simply discarded into the environment after use71,72. Most plastics are synthesized using
petroleum-oil, and when discarded in nature do not decompose readily and are expected to persist
even at geological timescales73. Recent studies have found that synthetic plastics released into the
environment can break up into microscopic fragments called microplastics74. These microplastics
seem to be omnipresent and undesirably integrated into the food chain, thus posing great danger
to living organisms75–78.Thus, there is an immediate need for sustainable alternatives to eliminate
our reliance on traditional plastics79.
Recent trends in the development of sustainable manufacturing have pointed towards plantbased, biodegradable materials as precursors to move society towards a more circular economy80–
83

. Such materials should be designed to be sourced with biomass that is renewable and

decentralized, and to be destined for biodegradation into small molecules at the end of their
lifecycle84,85. For example, polylactic acid (PLA) has garnered considerable attention as a
biodegradable alternative in the packaging industry86. Despite its reputation, PLA shows no
degradation after a full year in the environment87. PLA based materials requires bio-augmented
soils with specific microbial characteristics for complete degradation88. To address the challenge
of material sustainability, alternatives should be derived from naturally occurring precursors that
can be produced inexpensively at large scale with low carbon impact89. Concurrently, these
9

materials must rapidly decompose upon release into the environment. In Chapter 3, we introduce
a new class of lignin-zein composite (LZC) that can be processed into macroscopic materials using
3D printing and shows rapid degradation by commonly found bacteria, under ambient conditions.
The eco-sustainability of 3D printable LZC is based on the principle of benign-bydesign90,91. The precursors of the LZC blend are plant-based polymers that degrade into their
molecular subunits when released into the environment92. We combine lignin and zein to produce
a composite ink that can be used to 3D print materials via nozzle extrusion. Zein is a protein present
in corn and is widely available as a waste product from the biofuel industry. It is an excellent
candidate to replace synthetic thermoplastics in film casting and extrusion printing93,94. However,
the lack of processability using 3D printers, brittle nature, and low tensile strength of the isolated
zein protein limit its applicability as a viable alternative to thermoplastics95. We overcome these
limitations by using granular lignin as a binder, which not only enhances the strength of the LZC,
but also enables its 3D printability. Lignin is a naturally occurring bio-polymer and is the primary
structural component of terrestrial plants, providing rigidity and strength to their cell walls96–99. It
is regarded as one of the most abundant and inexpensive organic materials, readily available as a
waste product of the paper industry100–102.
In Chapter 3, we demonstrate the formation of a 3D printable ink obtained by directing the
solubility and co-precipitation of lignin and zein in an ethanol-water mixture. We investigate the
effect of relative concentration of the zein and lignin on the viscoelastic properties of the LZC and
discuss the molecular origin of the enhanced mechanical strength and processability of the
composite. We demonstrate the versatility of the LZC as a 3D printable ink by manufacturing
10

various model macroscopic structures. Furthermore, we quantify the degradation of the LZC in the
presence of Sphingomonas paucimobilis and Stenotrophomonas maltophilia, commonly found
bacteria at waste disposal sites103,104. This study forms the basis for designing a new class of rapidly
degradable bio-based plastics that can be further adapted as replacement for traditional plastics
used in commodity manufacturing, packaging, and electronic circuit boards.

11

CHAPTER 2. DIRECTED PRINTING AND RECONFIGURATION OF
THERMORESPONSIVE SILICA-PNIPAM NANOCOMPOSITES
This chapter presents a new approach of printing thermoresponsive pNIPAM into macroscopic
structures that dynamically reconfigure in response to heating and cooling cycles. The printing
process is performed using an external laser source, which enables thermal crosslinking of the
polymer ink consisting of monomer, cross-linker, initiator, and inorganic nanoparticles. It is shown
that the addition of silica nanoparticles enhances the mechanical properties of pNIPAM while
maintaining its thermoresponsiveness at micrometer scale resolution, which otherwise is not
feasible by extrusion-based 3D printing techniques. It is demonstrated that spatial reconfiguration
of the printed monolayers upon increasing temperature is governed by the local geometry, which
enables mimicking the reconfiguration of plant leaves in natural environment.
2.1. Enhancing printability of pNIPAM with silica nanoparticles
Addition of nanoparticles to polymer melts with attractive interactions is well-known to enhance
the mechanical strength of polymer composites105–112. We use silica nanoparticles (SiNPs) of
diameter 30 nm to enhance the mechanical properties and printability of pNIPAM. The SiNPs are
used because of their wide availability and well-understood surface chemistry113–115. A typical
experimental procedure is shown in Figure 2.1, where SiNPs are added to a mixture of monomer:
N-isopropylacrylamide (NIPAM), cross-linker: N,N′-methylenebis(acrylamide) (MBA), and
thermal free-radical initiator 2,2'-Azobis(2-methylpropionamidine) dihydrochloride (V50). Here
water-ethanol mixture at volumetric ratio of 4:1 and pH 8 is used as solvent, and the mixture is
referred to as “printable ink” in this chapter. The pintable ink is then transferred into a chamber of

12

desired thickness in the range 0.12-2 mm, as shown in Figure 2.1. SiNPs in the ink show weak
aggregation due to the bridging of negatively charged nanoparticles and positively charged amine
functional groups on the NIPAM116,117. The liquid ink is selectively crosslinked by local heating
using a 1500 mW laser of wavelength 405 nm and spot diameter of ~100 µm. The local heating
and consequential pattern formation is programmed by the movement of the laser head and the
printing table. We show that a large variety of structures with high spatial resolution can be printed
by directing the selective crosslinking of the printable ink.
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Figure 2.1. Schematic of the procedure of printing SiNP-NIPAM ink. The NIPAM, cross-linker,
and thermal initiator are dissolved in water:ethanol (4:1) mixture. The nanoparticles form small
aggregates in the solution due to the bridging of negatively charged SiNPs, and positively charged
NIPAM monomer. This dispersion is transferred into a thin chamber of desired thickness in range
0.12-2 mm, and selectively crosslinked using a laser source. The SiNP-pNIPAM composite
hydrogel structure is removed from glass substrate after printing.
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The addition of SiNPs enhances the printability of pNIPAM hydrogel. This ability of SiNPs
is experimentally quantified by determining the rates of dissolution of printed structures with
increasing SiNP concentration. The study is performed using 4:1 volumetric mixture of water and
ethanol at 25°C containing 3 M NIPAM, 0.03 M MBA, 0.01 M V50, with increasing amount of
SiNPs from 0 to 10 wt%. To test the ink with different composition, we print a straight line as a
control structure and monitor change in its state over time using a microscope. The structural
change in the straight line after 30 minutes of initial printing is shown in Figure 2.2a, where the
white region is cross-linked SiNP-pNIPAM composite and the dark area is the bulk fluid
containing unreacted mixture. We find that regardless of the concentration of SiNPs in the ink, a
line structure is always printable in the bulk solution at t = 0. At this initial condition, the interface
is sharp with line width in the range of 100-200 µm at all SiNP concentrations. The initially sharp
interface of the line attains a diffused state at extended times (Figure 2.2a, c-f) and the effective
width of the line increases. This increase in line width is attributed to the disintegration of the
SiNP-pNIPAM composite structure, where the printed structure dissolves in the surrounding fluid
in form of micron-sized aggregates as shown in Figure 2.2c-d. We estimate the relative change in
diffusivity of the aggregates using Fick’s second law118.
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Figure 2.2. (a) Images showing the lines printed with increasing concentration on nanoparticles in
the SiNP-NIPAM ink. The lines dissolve after initial printing with low concentration of SiNPs (<
1 wt%). (b) The change in width ratio of printed lines with time. The increasing values of width
ratio primarily highlights the dissolution of the printed lines. (c-d) Microscope images showing
the change in printed line structure with time for no added SiNPs, and with 1 wt% SiNPs. A small
increase in the width of line shown in (e-f) is attributed to the hydration of the printed structure.
The scale bar in (a) is 100 µm, and in (c) is 50 µm.
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The experimental data shown in Figure 2.3, is fitted using Fick’s second law as shown
below118,119:
𝜕𝑐
𝜕!𝑐
=𝐷 !
𝜕𝑡
𝜕𝑥

(2.1)

where 𝑐 is the concentration of the composite at corresponding diffused distance 𝑥 at time 𝑡.
Here 𝑥 is defined as the distance of the bulk-composite interface from the center of printed line,
where the mean pixel grey scale value decreases to 40% its value at the line-center. Here, we
assume that the concentration is proportional to the grey scale intensity extracted from image
analysis. It should be noted that due to the microscopic nature of the analysis performed, the
diffusivity values calculated from Equation 2.1 can be interpreted qualitatively, and cannot be used
for quantitative estimation of aggregate size dissolving in the matrix. Here we define a normalized
diffusivity factor as 𝜒 = 𝐷(𝐶)/𝐷(0), where D(C) and D(0) respectively are experimentally
determined diffusivities of printed structure with silica (concentration, C) and only pNIAPM (C =
0). Here 𝜒 < 1 refers to the improvement, and 𝜒 > 1 to deterioration in the printability of the
NIPAM polymer with the addition of silica. The experimentally determined normalized diffusivity
factor at 𝑡 = 30 min is shown in Table 2.1. The decrease in 𝜒 values with increasing C
highlights that the SiNPs enhance mechanical properties and printability of NIPAM solution. We
find that the normalized diffusivity decreases by 2.5 times (from 1.0 to 0.4) upon increasing the
SiNP concentration from 0 to 10 wt% (Figure 2.3 and Table 2.1). The decrease in the diffusivity
highlights that the addition of SiNPs enables printing of robust structures that persist after the
initial printing process.
17

(a)

(b)

(c)

(d)

Figure 2.3. Dissolution of line of SiNP-pNIPAM composite 30 minutes after initial printing. The
concentration of SiNPs is (a) 0 wt%, (b) 0.1 wt%, (c) 1 wt% and (d) 10 wt%, and the NIPAM
concentration is fixed at 3 M.

Table 2.1. Normalized diffusivity factor of printed SiNP-pNIPAM composites at t = 30 min. The
individual diffusivities are estimated by fitting printed line profile with Fick’s second law. Here
the concentration of NIPAM is fixed at 3 M.
SiNP concentration, C
(wt%)
0
0.1
1
10

Normalized diffusivity fractor, 𝜒
(a.u.)
1.00
0.54
0.40
0.40
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The SiNPs play a critical role in printing structures of pNIPAM that can withstand the thermal
diffusive forces. We quantify the disintegration of the printed line in terms of a macroscopic
parameter, width ratio (z), defined as 𝑧 = 𝑤(𝑡)/𝑤" , where w(t) is the effective width of the line
at time t, w0 is the initial width of line at t = 0. Here, the effective width w(t) is defined as twice
the distance from the center of the line normal to its interface at which the pixel grey value
decreases to 40% its value at the center (Figure 2.2a)120. The value of z increases from 1.0 to 1.8
after 30 minutes for the ink with no added SiNPs. This increase in z value higher than 1.0 highlights
the increase in width of the printed line due to dissolution of the structure (Figure 2.2b). We find
that upon increasing SiNP concentration from 0.01 to 1 wt%, the z value (at t = 30 minutes)
decreases from 1.6 to 1.1. The decrease in the value of z highlights that the printed line structure
is retained, and its dissolution is prevented by enhanced crosslinking of pNIPAM due to added
SiNPs. A small increase in the value of z from 1.0 to 1.1 after 30 minutes for composite with > 1
wt% SiNPs is attributed to the swelling of the printed hydrogel line. At very high SiNP
concentration (>15 wt%), the relative amount of monomer, crosslinkiner, and initiator decreases
significantly, and no structure is printable from such mixtures. In addition to the concentration of
SiNPs, we find that a NIPAM concentration is also critical in determining the printability of the
ink. The robustness of printed structure increases with increasing the NIPAM bulk concentration
(Figure 2.4). However, the addition of SiNPs further enhanced the stability of the printed structure
at all pNIPAM concentrations.
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Figure 2.4. The change in width ratio of printed lines with time after initial printing process. The
concentration of dispersed SiNPs in printable ink for each sample is fixed at 1 wt%. The width
ratio (z) is defined as z = w(t)/w" , where w(t) is the effective width of the line at time t, w0 is
the initial width of line at t = 0. The robustness of printed structures increases with increasing the
concentration of NIPAM in printable ink from 0.3 M to 6 M. At low concentration of NIPAM, the
effective crosslinking of composite hydrogel is weak and disintegrates due to lack of sufficient
monomer to efficiently crosslink the printed line structure.
2.1.1. Nanoparticle distribution in hydrogel matrix
The distribution of nanoparticles in SiNP-pNIPAM composites is non-uniform and dependent on
the state of SiNPs in printable-ink before polymerization. We use Scanning Electron Microscopy
(SEM) to determine the spatial distribution of SiNPs in printed composite hydrogel. SEM images
of a printed line using 1 wt% SiNPs and 3 M NIPAM are shown in Figure 2.5a-b. The micrographs
show that the SiNPs embedded in the polymer matrix exist as discrete clusters instead of dispersed
individual particles. This is further confirmed by the Energy Dispersive X-ray (EDX) mapping of
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the printed SiNP-pNIPAM structure (Figure 2.6). This non-uniform distribution is due to the
bridging aggregation of nanoparticles before crosslinking the hydrogel. The pKa value of amine
group in NIPAM is in the range 5-6121, therefore in our experiments at pH 8, the amine group exist
in protonated state with a net positive charge. The NIPAM molecules form bridges between
negative charged SiNPs (zeta potential – 45 mV at pH 8) and drive aggregation process. We
confirm this aggregation of SiNPs in the printable ink through Dynamic Light Scattering (DLS)
experiments, where we find an increase in the characteristic decay time (akin to increase in the
particle size) with addition of NIPAM monomer (Appendix A.1, Figure A.1)102. We further
estimate the attraction energy induced by NIPAM bridges between SiNPs using Small Angle Xray Scattering (SAXS) experiments (Appendix A.5, Figure A.2). We perform structure factor
analysis of the scattering data using sticky-hard sphere model and estimate attractive interaction
energy between SiNPs114,122. Further details on the model dependent analysis of SAXS profiles are
provided in Appendix A.5. We find that the attraction energy between SiNPs induced by the
NIPAM bridges is 3.7 kBT (Table A.2), where kB is Boltzmann constant, and T is the temperature,
highlighting a weak aggregation of the nanoparticles114,122. It should be noted that this attraction
between the monomer/polymer is responsible for the enhancement of mechanical properties of the
hydrogel upon the addition of SiNPs.
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Figure 1.5. (a-b) Scanning electron micrographs of 1 wt% SiNP and 3 M NIPAM structure printed
using laser. The image shows embedded nanoparticles in the pNIPAM matrix. The box in (a)
highlights the location of high magnification image shown in (b). The scale bar in (a) is 500 nm,
and (b) is 100 nm. (c-d) Change in storage (G′) and loss (G″) modulus of the SiNP-pNIPAM
structure with increasing SiNP concentration. The NIPAM concentration is fixed at (c) 3 M and (d)
6 M. The increase in G′ and G″ with increasing SiNP concentration demonstrates an increase in
strength of composite.
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(a)

(b)

(d)

Figure 2.6. Scanning electron micrographs of (a) Only SiNPs (b) Only pNIPAM sheet printed with
3 M NIPAM, (c) Composite of 1 wt% SiNPs and 3 M NIPAM printed using laser and (d) EDX
mapping of the composite formed by 1 wt% SiNPs and 3 M NIPAM as shown in (c). The elemental
distribution of silicon (Si) and nitrogen (N) respectively can be inferred as the location of silica
and pNIPAM respectively as shown in yellow and cyan colors. The local segregation Si highlights
the presence of SiNP aggregates in the composite due to pNIPAM bridging. The scale bars in (a
and b) are 500 nm and in (c and d) are 2 μm.
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2.1.2. Effect of nanoparticles on rheological characteristics
The addition of SiNPs enables printing robust structures of pNIPAM that can withstand physical
deformation induced by mechanical stress and thermal fluctuation. The ability of SiNPs to enhance
the printability of pNIPAM can be quantified by oscillating rheometry. We perform rheology
experiments to determine storage (G¢) and loss (G²) moduli of composites containing SiNP
concentrations of 0, 1, and 10 wt% with either 3 M or 6 M NIPAM. The SiNP-pNIPAM composites
with 3M NIPAM show significantly higher G¢ values than G² at all SiNP concentrations, indicating
that the composites are well cross-linked viscoelastic materials123. Composites with 0 wt% SiNPs
exhibit steady increase of G″ over the range of frequency tested, highlighting that cross-linked
pNIPAM behaves as a viscoelastic solid material. Incorporation of SiNP into NIPAM matrices
results in less steep changes of G² with respect to frequency increase, exhibiting a transition from
solid-like to gel-like material i.e. better interlinking of the polymer network by the addition of
SiNPs.
Increasing pNIPAM concentration of the composites enhances the mechanical stability of the
composites124. The SiNP-pNIPAM composites with 6 M NIPAM show significantly higher G′ than
that of 3 M NIPAM composites, indicating that higher concentration of NIPAM leads to the
formation of stiffer materials (Figure 2.5c-d). We find that the increase in NIPAM concentration
from 3 M to 6 M significantly increases both storage G′ (18 to 133 kPa) and loss modulus G″ (2
to 6 kPa) at 1 Hz. The extent of increase is significantly more pronounced with 10 wt% SiNPs,
where G′ increases from 133 to 510 kPa and G″ from 6 to 63 kPa at 1 Hz in comparison to 0 wt%
SiNP. It should be noted that addition of 10 wt% SiNPs while improves the rheological
24

characteristics of the hydrogel, but it compromises volumetric change in response to temperature,
therefore not used in printing shape changing structures. Similar to 3 M NIPAM composites, the
viscoelastic behavior of 6 M NIPAM composites shows a characteristic rubbery plateau
region125,126, where G′ increases with respect to frequency increase and G″ decrease slightly at
lower frequencies then increases at higher frequencies. Composites with 6 M NIPAM matrix
exhibit more gel-like properties with higher stiffness, which is critical in printing robust structures
that change shape in response to external stimuli.
2.2. Printing and reconfiguration of complex structures
2.2.1. Printing of the hydrogel nanocomposites
Microscopic and rheological analysis of the SiNP-pNIPAM composites highlights the
enhancement in mechanical properties of the printed structures with addition of SiNPs. The
enhanced mechanical toughness of the ink enables printing of desired structures with micron scale
resolution. Here we demonstrate this ability of SiNP-NIPAM ink by printing model structures in a
1 mm thick chamber using laser as a remote source of locally initiating the polymerization process.
The patterns are designed on a computer and printed in the reservoir of ink by directing the
movement of the laser head and printing table (Figure 2.1). A few examples of model structures
printed using 3 M pNIPAM containing 1 wt% SiNPs are shown in Figure 2.7a-e. We show that
SiNP-NIPAM printable ink can effectively print high-resolution alphabets “LSU”, snowflake-like
fractal structures, bidirectional network, spirals, and flower shaped patterns (Figure 2.7a-g). We
find that the spatial resolution of the printed patterns is governed by spot-diameter and energy flux
of the incident laser beam. In this article, we keep the spot-diameter of the laser beam fixed at 100
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µm, and monitor the change in spatial resolution with increasing energy flux. We find that the
equilibrium width of printed line (inverse of resolution) decreases from 500 µm to 100 µm upon
decreasing the energy flux from 18 to 9 mW/µm2. The increase in resolution (decrease in line
width) with decreasing energy flux can be attributed to the suppression of convection of the locally
heated fluid away from the laser focus spot. This convection will drive the transport of the thermal
initiator away from the laser inducing the polymerization of area larger than the size of the laser
spot. A minimum energy flux of 8 mW/µm2 is necessary to print continuous structures. Upon
lowering the flux below this critical value, the incident thermal energy is insufficient to crosslink
the SiNP-NIPAM ink which thus drives the formation of discontinuous line (Figure 2.8). Therefore,
controlling the energy flux provides a gauge over the spatial resolution of the printed patterns.
Further studies focused on controlling the laser-spot diameter and incident energy flux will allow
improving the printing resolution further to a sub-micron size regime.
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Figure 2.7. (a-e) Images of laser guided patterning of printable ink with 1 wt% SiNPs and 3 M
NIAPM. The printed patterns include alphabets, snow-like fractals, bidirectional networks and
flowers. (d-e) The printed flower structure retained its resolution even upon decreasing the size to
50%, highlighting the ability of the proposed method to print macroscopic structure with micronscale resolution. The structures in (a-e) were adhered to the glass substrate and were not removed
from the printing chamber. (f-h) Images of spiral, fleur-de-lis, and emoji structures printed using
1 wt% SiNPs and 6 M NIPAM. The structures were peeled off the glass substrate and showed
reversible change in the size upon increasing the temperature T > LCST. (h-i) Image showing the
reversible change in the size of the emoji structure upon cycling the temperature between 25°C
(< LCST) and 40°C (> LCST). (j) Swelling ratio of the emoji structures in the tested 10 stimuli
cycles, highlighting the reversibility of the process. All images are taken at same magnification.
The scale bar in (a) is 3 mm.
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(a)

18 mW/µm

(b)

2

8 mW/µm

2

Figure 2.8. Microscope images of the line printed from SiNP-pNIPAM composite at incident laser
energy flux of (a) 18 mW/µm2; and (b) 8 mW/µm2. A minimum incident energy flux of 8 mW/µm2
is necessary to print continuous structures. The scale bar in (b) is 200 μm.

The printed patterns shown in Figure 2.7a-e are adhered to the glass substrate used in the
printing process and are not “floating” in the medium. The adherence of the patterns is attributed
to the negative charge on the glass substrate (chemically silica) and positively charged amine
groups in pNIPAM. Increase of the NIPAM concentration in the ink enables printing of
mechanically robust structures that can withstand the physical deformation experienced during the
peeling of glass-bound printed structure. Here we find that by increasing the NIPAM concentration
to 6 M, the printed structures can be effectively removed from the chamber. It should be noted that
increasing the SiNP concentration to 10 wt% decreases the volumetric change in printed structures
at LCST (Figure 2.9). Therefore, we use 6 M pNIPAM containing 1 wt% SiNPs as ink to print
robust structures that dynamical reconfigure in response to change in temperature. Examples of
such robust structures include spiral, fleur-de-lis, and an emoji (Figure 2.7f-i). These structures are
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easily transferable into separate chamber and show a dynamic change in their volume in response
to the temperature. The printed structures shrink when environmental temperature increases above
34°C, the LCST of pNIPAM (Figure 2.7h-j). This shrinking in response to increasing temperature
is completely reversible upon decreasing the temperature below LCST. The shrinking-swelling of
the printed composite structure is the result of loss of water of hydration by the pNIAPM
embedding the SiNPs upon increasing the temperature above LCST. The SiNPs are nonthermoresponsive and do not contribute to the observed dynamic change in the structure of the
printed composite in response of external temperature. The reversibility of the shrinking-swelling
of printed emoji structure in response to heating-cooling cycles is shown in Figure 2.7j. Here we
represent the change in size of the printed structures in terms of swelling ratio (k) defined as the
relative change in geometric mean of the area. Mathematically, 𝑘 = <√𝐴# − √𝐴@⁄√𝐴, here 𝐴
and 𝐴# respectively are the areas of printed structure before and after shrinking. Here k = 0 refers
to fully hydrated state (𝐴 = 𝐴# ) and k < 0 is the shrunk state of printed structure. In our experiments
we increase the temperature from 25°C to 40°C to initiate the shrinking of hydrogel and then
decrease back to 25°C to allow the water intake into the hydrogel matrix. The shrinking-swelling
cycle for emoji printed from 1 wt% SiNP and 6 M NIPAM can be repeated several times with a
constant k ~ -0.25 (Figure 2.7j), which is lower than the value for the structure printed only with
NIPAM (k ~ -0.55), but greater than for structures printed from 10 wt% and 6 M NIPAM (k ~ 0.05) as summarized in Figure 2.9. The decrease in swelling ratio upon the addition of the SiNPs
is attributed to the increase in the volume occupied by the non-thermoresponsive nanoparticles
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which do not contribute to the change in volume of the printed structure in response to increasing
temperature.

(a)

(b)

No SiNPs

T = 25°C

(c)

T = 40°C

(d)

1 wt% SiNPs

T = 25°C

(e)

No SiNPs

1 wt% SiNPs

T = 40°C

(f)

10 wt% SiNPs

T = 25°C

10 wt% SiNPs

T = 40°C

Figure 2.9. Images showing the thermoresponsiveness of printed hydrogel structures. The
concentration of NIPAM is fixed at 6 M in printable ink and the concentration of SiNPs is as
follows: (a-b) 0 wt%; (c-d) 1 wt%; (e-f) 10 wt%. Temperature is increased from 25°C to 40°C to
initiate the shrinking of hydrogel. The swelling ratio (k) of the gel is determined to be -0.55 for
0 wt% SiNPs, -0.25 for 1wt% SiNPs and -0.05 for 10 wt% SiNPs. The scale bar in (d) is 3 mm.
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2.2.2. Shape change of printed monolayers
Shrinking of anisometric shapes in response to external stimuli induce asymmetric stress
distribution within the structure. We show that geometric design governs the local strain and
corresponding temperature induced reconfiguration of the printed structures. To demonstrate the
principle, we print fishnet type network structures using ink containing 6 M NIPAM and 1 wt%
SiNPs. Here the angle of inclination (θ) between the straight lines forming the network is
systematically decreased from 90° to 0° (Figure 2.10a-c). The printed structures are placed in water
bath of controllable temperature and cycled between 25°C and 40°C. The change in shape of the
fishnet networks is monitored using a digital camera. We find that upon increasing the temperature
to 40°C (> LCST), the printed networks attain a bent configuration of mean curvature (H). Here
the curvature is defined as inverse of the radius of the curled network sheet and quantified using
digital image analysis. The equilibrium curvature of the network at 40°C increases from 0 to 0.4
mm-1 upon decreasing inclination angle from 90° to 30°. However, upon decreasing the θ further
to 0° i.e. sheet (Figure 2.9), the curvature again decreases to 0 mm-1. The initial increase in
curvature of fishnet structure in the range 25° < θ ≤ 90° followed by a decrease in 0° ≤ θ ≤ 25°
is due to the change in local strain (Figure 2.10c). It should be noted that the printed fishnets are
monolayers, and the bending observed at higher temperature is solely due to the geometric design
of the network, not due to the strain mismatch in bilayered structures as previously reported in
several studies35,57,58,62,127.
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Figure 2.10. (a) Images of the printed networks of SiNP-pNIPAM at 25°C with decreasing
inclination angle (θ) as given in each image. (b) The top and side view images of the reconfigured
state of the printed networks upon increasing temperature above LCST. The curvature of the
reconfigured state is governed by the inclination angle between the lines forming the network. (c)
Mean curvature of the bent state of the printed fishnet structures at 40°C. The circles represent the
experimental data and solid line is the theoretical prediction given by equation 1. (e and h) Laser
printed network at 25°C mimicking the structures of Magnolia denudata and platanus leaves. (f,g
and i,j) Top and side view of the printed leaf structure upon increasing the temperature to 40°C
(> LCST). The reshaping of the printed structure mimics the drying process of the leaf, where a
similar bending is observed. The scale bars shown in (a-c) and (e-h) are 3 mm.
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We model temperature induced bending of our fishnet structures using modified formalism
presented recently by Gladman et al58. In the case of fishnet structure, the strain tensor is governed
by the inclination angle which further determines the bending curvature. The fishnet network
structure was constructed by rotating a series of horizontal lines to an inclination angle 𝜃 ≤ 90°.
Curvature tensor 𝜅 can be solved from the equation of equilibrium condition, in which the layer
displacement from swelling is balanced by the displacement due to the layer bending curvature,
when the parallel and perpendicular swelling strains 𝛼∥ , 𝛼% and elastic modulus tensor 𝐸 are
given. After obtaining 𝜅, the mean curvature can be calculated as:
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where the layer thickness of printed structure is ℎ. The coefficients in Equation 2.2 are given by
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In the original model derived by Gladman et al58, the ratio of layer thickness is 𝑚 = 𝑎& ⁄𝑎!
when bilayer model is applicable and the thickness of each layer is 𝑎& and 𝑎! , respectively. In
this study, rather than bilayer structure, we prepare network structures which are monolayer of
thickness ℎ = 0.3 mm, and therefore the thickness ratio 𝑚 = 1. Because of the spherical nature
of the additive silica nanoparticles we assume that local swelling strain within the printed line is
isotropic. Therefore, for the network formed by the lines, 𝛼∥ = 𝛼(1 + cos 𝜃) and 𝛼% = 𝛼 sin 𝜃.
Here the swelling strain is 𝛼 = 0.5 as obtained from unidirectional swelling experiments 𝜃 = 0
(Figure 2.9). In the limit of 𝜃 = 0 and 𝛼% = 0, the result of classical Timoshenko model can be
recovered128. Given the parallel and perpendicular Young’s moduli by rheological characteristics
discussed in main text, 𝐸∥ = 𝐸% ~ 168 kPa , the shear modulus can be expressed as
&

𝐸× ~ 3 (𝐸∥ + 𝐸% )(1 − 𝜐) ~84 kPa. Here we assume that the Poisson ratio 𝜐 = 0 in order to
eliminate the effect of edge boundary layers, which complicates the analysis. Since the primary
source of bending curvature is from the difference in swelling directions, the assumption of 𝜐 = 0
should not have a significant change in evaluating the curvature of the printed structures. After
simplification, the coefficients can be expressed as:
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!

𝑏44 = 0, 𝑏46 = , 𝑏66 = 0,
5

!

𝑐44 = 0, 𝑐46 = 0, 𝑐66 = 5,

Plugging in all the coefficients, the mean curvature therefore can be expressed as a function of
inclination angle 𝜃:

𝐻∝

𝛼 ! sin! 𝜃 (sin 𝜃 − cos 𝜃 − 1)! (8 + 7 cos 2𝜃 + cos 4𝜃)
ℎ

(2.3)

In our case, equation 2.3 is applicable under the assumptions that the strain induced in individual
line forming the network is constant (α = 0.5), Young’s modulus of the printed structure in
perpendicular and parallel direction is equal in magnitude, and the initial curvature of the printed
structure has no significant influence on the equilibrium curvature of the structure at T > LCST.
We find that the network with θ = 90° shrinks into a flat sheet (H = 0 mm-1) and not a saddle shape,
which otherwise is characteristic of a bilayer sheet58,129. The curvatures of the network as observed
in experiments and predicted by the model (Equation 2.3) are shown in Figure 2.10c. The observed
deviation in the absolute magnitude of the curvatures and model prediction is attributed to lack of
incorporating the influence of initial curvature of the structure and non-uniform diameter of the
printed lines forming network. Regardless of such deviations, the qualitative agreement between
theory and experiments highlights that design of monolayer structure allows for programming the
bending and reshaping properties of a printed material.
The principle of directed reconfiguration of monolayer network structures can be used to
design shape changing materials mimicking the drying process of plant leaves. In nature, skeletal
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architecture of a plant leaf is composed of rigid midrib and veins inclined at well-defined angles.
This midrib-vein structure plays a decisive role in governing equilibrium shape of leaf and its
reconfiguration in response to change in environmental conditions130–132. We mimic this shape
change ability of plant leaves by printing thermoresponsive structure using ink with 6 M NIPAM
and 1 wt% SiNPs. We specifically mimic the midrib-vein structure in the leaves of Magnolia
denudata and platanus leaf, and monitor the change in the shape of leaves upon increasing the
temperature. We find that increasing temperature induces bending in both types of printed leaves.
The reconfigured structure of the leaves is similar to the dried state of the leaves, where the vein
structure dictates the local buckling and curling132. The example demonstrates the ability of the
proposed method to print structures that show biomimetic shape changes and reconfiguration.
Hence, programming the internal structure and shape of the printed network allows for
programming 3D reconfiguration of the printed material. Future work on the laser printable, highresolution, shape-changing materials will provide the basis of manufacturing components of soft
machines, and robots capable for performing complex tasks at micron scales.
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CHAPTER 3. 3D PRINTABLE BIO-BASED LIGNIN-ZEIN COMPOSITE
In this chapter, we introduce a new class of fully plant-based, rapidly degradable lignin and zein
composite blend that can be transformed into macroscopic structures using extrusion 3D printing.
Corn-derived zein forms the polymeric solution while insoluble lignin granules act as a binder for
enhanced printability and facile degradation. The blend showcases a shear-thinning behavior that
is ideal for rapid extrusion printing into desired 3D structures, from cuvette caps to circuit boards.
Biodegradation studies show that common bacteria readily found in soil and compost are able to
decompose structures made with the lignin-zein composite in shorter time frames compared to a
known biodegradable plastic, viz., polylactic acid. The rapid biodegradability and enhanced
processability highlight the potential of lignin-zein composites to decrease our dependence on
petroleum oil-based plastics.
3.1. Effect of lignin concentration on viscoelasticity of LZC
Programming the solubility of zein and lignin in water-ethanol mixture enables the formation of a
composite blend that can be processed using extrusion 3D printing. The schematic representation
from the preparation of 3D printable paste to bacterial degradation of product is summarized in
Figure 3.1. First, zein is dissolved in a 4:1 volume ratio of ethanol-water mixture such that the final
∗
concentration of zein is at its solubility limit (𝑐89:;
= ~ 1.0 g mL-1)133. Then, 0.1-1.0 g mL-1 of

dealkaline lignin (average diameter = 30 µm, Figure 3.2) is added to the zein solution, and a
homogeneous blend is obtained by mixing. Note that the solubility limit of dealkaline lignin in
∗
ethanol-water 4:1 mixture (𝑐=:>;:;
= 0.04 g mL-1) is low, thus the added lignin in the solution exists

in an undissolved granular state (Figure 3.3).
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Figure 3.1. Scheme representing the synthesis, printing, and degradation of LZC. Zein is
dissolved in ethanol-water (4:1) mixture at its saturation concentration. Dealkaline lignin is then
dispersed in zein solution at concentration higher than its solubility limit to ensure lignin exists in
granular state. This LZC blend is printed into desired 3D structures using extrusion printing. After
printing, solvent evaporation drives a spontaneous phase separation causing zein molecules to
precipitate on the surface of lignin granules. This phase separation of zein under ambient
conditions leads to the hardening of the printed structure. LZC can be fully degraded upon
exposure to model bacteria under ambient conditions.
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Figure. 3.2. Size distribution of lignin granules showing the average diameter of ~30 µm. The size
distribution was obtained by image analysis of optical micrographs with a sample size of ~500
granules. The ImageJ software was utilized to find the diameter of each granule. The bars represent
the measure data points and the continuous line is the best-fit using log-normal distribution
function.
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Figure 3.3. Absorbance of different concentration of dealkaline lignin in 4:1 ethanol-water mixture
∗
at 280 nm showing the solubility limit (𝑐=:>;:;
~ 0.04 g mL-1). The circles are experimental data,
and the red line is a linear fit. The red line indicates a linear increase of absorbance in a function
of lignin concentration below 0.04 g mL-1 which is in agreement with the Beer-Lambert law. To
measure the absorbance, each sample was sonicated and centrifuged at 8,000 rpm for 30 minutes.
Then, the supernatant of each sample was diluted 100-fold for the absorbance measurement.
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The printability of an ink is governed by a complex interplay among printing parameters and
rheological properties of the ink134. For effective extrusion printing, an ink must exhibit shearthinning properties such that it can be extruded as a liquid at high shear rates, yet be self-standing
after extrusion55,135. The viscoelasticity of the LZC blend is tuned by the amount of added granular
lignin. We investigated the effect of lignin granules on the printability of the ink by measuring the
change in viscosity of the blend with increasing lignin concentration ( 𝑐=:>;:; ) from 0.0 to
1.0 g mL-1 and fixed concentration of zein (𝑐89:; ) at 1.0 g mL-1 (Figure 3.4a). In general, the
viscosity of the blend increases upon adding lignin granules into the zein solution. In the absence
of lignin, the viscosity of zein solution is lower than the LZC blend and remains almost constant
with increasing shear rate, in traditional Newtonian fashion136. As 𝑐=:>;:; increases, the viscosity
at low shear rates increases and the ink shows a shear-thinning (or pseudoplastic) behavior137. This
transition from a near Newtonian to a shear-thinning fluid upon adding lignin granules is attributed
to the viscous force affecting the suspension structure at high shear rate138. At low shear rate, lignin
granules are irregularly ordered and form aggregated structures. As shear rate increases, the
aggregated structures break down into the dispersed lignin granules which decreases the particleparticle interactions in the blend, resulting in free space between lignin granules and a decrease in
viscosity139. Such shear-thinning behavior of the blend enables easy extrusion, but prevents the
collapse of printed objects, thus enhancing structural fidelity134,140. The improved extrudability and
printability of zein upon adding lignin granules is visualized by comparing the extrusion of zein
solution and LZC blend from a nozzle (Figure 3.4b-c). The zein solution flows freely due to its
low viscosity liquid-like Newtonian response, but the LZC blend behaves as a high viscosity liquid
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upon extrusion i.e. shearing and shows solid-like non-Newtonian response after extrusion, which
enables layer-by-layer printing (Figure 3.5).

Figure 3.4. Extrudability and structural characteristics of LZC. (a) Complex viscosity of zein
solution and LZC blend at increasing concentration of lignin. The blend transitions from a
Newtonian fluid at low lignin concentrations to a non-Newtonian shear-thinning fluid upon adding
lignin granules. (b-c) Images showing extrudability of LZC paste with lignin granules. 𝑐89:; is
fixed at 1.0 g mL-1 while 𝑐=:>;:; is 0.0 g mL-1 in b, and 0.6 g mL-1 in c. (d-g) Images showing
improved structural preservation with added lignin granules. (h-k) Fluorescence microscope
images showing a printed filament of zein and LZC with increasing 𝑐=:>;:; from 0.0 to 1.0 g mL1
at fixed 𝑐89:; = 1.0 g mL-1. Here, zein is labeled with FITC and appears green in fluorescent
images. The lignin granules can be distinguished as dark aggregates within the filament. As the
lignin concentration in LZC blend increases, lignin granules are more evenly distributed in the
composite. The inset SEM images in (j) and (k) show the appearance of microvoids upon
increasing 𝑐=:>;:; to 1.0 g mL-1, driving an increase in surface roughness shown in (g) and the
inset of (k).
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Figure 3.5. Photographs showing the change in viscosity of zein solution upon adding the lignin
granules. (a) In the absence of lignin, the zein solution flows like a fluid upon inverting the vial (b)
Upon adding lignin granules in zein solution, the LZC blend exhibits an increase in viscosity and
a solid-like behavior. The zein concentration is fixed at 1 g mL-1 for (a) and (b) while the added
lignin concentration is 0.6 g mL-1 in (b). Images were taken 10 seconds after inverting the vial.

To demonstrate the role of lignin in enhancing viscoelasticity, we compare LZC filaments
printed using a nozzle of diameter 1.6 mm. Here, the 𝑐89:; was kept constant at 1.0 g mL-1, and
the 𝑐=:>;:; was gradually increased from 0.0 to 1.0 g mL-1. In the absence of lignin, the zein
solution spreads on the glass substrate which highlights its fluid nature141. The spreading of the
paste on the substrate decreases with the addition of lignin granules, and filaments extruded by
𝑐=:>;:; = 0.6 g mL-1 retain their “filamentous” form (Fig. 3.4d-g). Note that 𝑐=:>;:; > 0.6 g mL-1
leads to sintering of lignin granules which clog the nozzle (at a fixed extrusion pressure) making
the LZC impractical for 3D printing purposes. The bulk configuration of the filament is visualized
by fluorescence microscopy where the zein is labeled with fluorescein isothiocyanate (FITC) and
appears green, and lignin are non-fluorescent and appear black. The fluorescence images show that
micron-sized lignin granules are homogeneously distributed in the zein matrix at 𝑐=:>;:; > 0.6 g
mL-1 (Figure 3.4h-k). Scanning electron microscopy (SEM) images (Figure 3.4j-k) show a smooth
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surface of LZC filaments with no significant irregularities, except for 𝑐=:>;:; = 1.0 g mL-1 where
microvoids are observed. These can be attributed to the decrease in the relative amount of zein in
the composite which drives the coagulation of lignin granules in a printed LZC structure142 and
deteriorates its tensile strength.
3.2. Phase separation of zein and self-curing of LZC
The extruded LZC object requires drying under ambient conditions, which results in the self-curing
of the material by precipitation of zein polymer onto the lignin granules. This enables interlinking
of lignin granules and translates the printed viscoelastic material into a rigid structure. The
solubility of zein is strongly dependent on the fraction of ethanol present in the solvent. While pure
water is a poor solvent for zein, ethanol-water mixture (4:1) dissolves zein143. We take advantage
of this characteristic property of zein to translate printed material into rigid objects. After the initial
extrusion, the printed structure is allowed to dry for 30 minutes at room temperature. During this
drying period, the ethanol selectively evaporates because of its higher vapor pressure, and zein
precipitates to form a shell on the surface of lignin granules as shown in Figure 3.6a-d. The shell
formation is the result of hydrogen bonding between hydroxyl groups on lignin and amino acids
on the zein molecule144,145. The experiments shown in Figure 3.6b-d were performed at 𝑐89:; =
0.2 g mL-1, which is insufficient to form a continuous matrix in the solvent bulk. As the drying
proceeds at 𝑐89:; = 0.2 g mL-1, the zein forms a continuous matrix around the lignin granules which
“solidifies” the printed structure141. Note that the initial zein shell formation on lignin granules is
pre-bulk phase separation of zein on the high-energy lignin-solvent interface, which is followed
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by the bulk phase separation of zein and corresponding matrix formation146.

Figure 3.6. Condensation of zein on lignin graules and self-curing of LZC. (a) Schematic
representation of the drying process of lignin granules in a zein polymer solution. (b-d) Optical
microscope images of a lignin granule in 𝑐89:; = 0.2 g mL-1 after 0, 15, and 30 minutes of the
drying process at 25 °C. As the mixture of zein solution and lignin granules dries, phase separation
and precipitation of zein on lignin granules drives the formation of rigid LZC structure. (e) Change
in storage (G′) and loss (G″) moduli of LZC paste over time with increasing 𝑐=:>;:; at 𝑐89:; =
1.0 g mL-1. The increase in both G′ and G″ demonstrates the enhancement in viscoelastic properties
of the composite with increasing concentration of lignin. (f) Change in tan δ of LZC paste over
time. The decrease in tan δ upon increasing lignin concentration indicates a solid-like behavior of
LZC in the presence of large amount of lignin granules.
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The drying of LZC induces a gradual increase in the “rigidity” of the printed structure. We
quantify the change in properties of LZC by performing oscillatory time-sweep rheometry at 25 °C
for 30 minutes. The change in storage (G′) and loss (G″) moduli of LZC over time for 𝑐89:; =
1.0 g mL-1 and increasing 𝑐=:>;:; is shown in Figure 3.6e. We find that for all lignin
concentrations, G′ is higher than G″, indicating that all of the composites behave as solid-like
viscoelastic materials147. All formulations exhibited a gradual increase in both storage and loss
moduli over time and reached a plateau after 30 minutes, indicating the hardening of LZC during
the drying process. This was further quantified by determining tan δ, which is defined as the ratio
of the loss-to-storage moduli i.e. tan δ = G″/G′. tan δ is a measure of viscoelasticity of the material
where tan δ >> 1 represents viscous behavior, and tan δ << 0.1 represents elastic behavior. At all
tested lignin concentrations, tan δ shows a steady decrease from ~1 as the drying proceeds,
highlighting the transition of LZC from a fluid-like state to an elastic solid-like material (Figure
3.6f). The tan δ values of LZC with 𝑐89:; = 1.0 g mL-1 in the nearly dried state after 30 minutes
show a decrease with increasing 𝑐=:>;:; . Note that increasing 𝑐89:; at 𝑐=:>;:; = 0.6 g mL-1 also
changes the property of the LZC blend from a liquid to a solid-like viscoelastic material (Figure
3.7). However, increasing 𝑐89:; over 1.0 g mL-1 impedes the nozzle extrusion process by
requiring significantly higher pressures, which is undesirable for practical reasons.
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Figure 3.7. (a) Change in storage (G′) and loss (G″) modulus of LZC paste as a function of time
with increasing 𝑐89:; at fixed 𝑐=:>;:; = 0.6 g mL-1. An increase in G′ and G″ upon increasing
𝑐=:>;:; demonstrates the enhancement in viscoelastic properties of the composite with increasing
concentration of lignin. (b) Change in tan δ of LZC paste as a function of time with increasing
𝑐89:; at fixed 𝑐=:>;:; = 0.6 g mL-1. A decrease in tan δ upon increasing 𝑐89:; and time indicates
a transition from liquid to elastic solid-like behavior of LZC while drying.

We find that the mechanical strength of printed LZC can be further improved by increasing
the concentration of lignin in the composite. We quantify the change in mechanical properties of a
completely dried LZC composite upon increasing lignin concentration by measuring the stressstrain relationship using InstronTM Mechanical Test System 5696. We print a dog-bone shape using
the LZC composite and measure stress vs strain relationship for LZCs with increasing 𝑐=:>;:;
from 0.0 to 1.0 g mL-1 at 𝑐89:; = 1.0 g mL-1 (Figure 3.8). We find that the maximum tensile
strength increases from 3.1 to 3.9 MPa as 𝑐=:>;:; increases from 0.0 to 0.6 g mL-1. Tensile
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modulus monotonically increases for 𝑐=:>;:; from 0.0 to 0.6 g mL-1 of lignin and decreases upon
further increasing 𝑐=:>;:; (Table 3.1). At 𝑐=:>;:; > 0.6 g mL-1, the aggregated lignin granules
form microvoids which deteriorate the mechanical rigidity of the LZCs148. We acknowledge that
the tensile strength of the printed material is lower than for traditional petroleum-oil based
plastics149. Here, our aim is to present a new design principle for an inexpensive, degradable and
3D printable bio-based plastic, and further studies are necessary for improving its mechanical
properties.

Figure 3.8. Stress-strain graph of LZC prepared by 𝑐=:>;:; = 0.6 g mL-1 and 𝑐89:; = 1.0 g mL-1.
The stress-strain curve of LZC exhibits a typical behavior of a polymeric material. The plateau
region after the proportional increase is attributed to orientation and alignment of zein chains while
stretching.
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Table 3.1. Tensile properties of zein and LZC of increasing 𝑐=:>;:; at fixed 𝑐89:; = 1.0 g mL-1.
The maximum stress (𝜎? ) and tensile modulus (𝐸) are shown at 𝑐=:>;:; = 0.6 g mL-1 and 𝑐89:;
= 1.0 g mL-1. As 𝑐=:>;:; increases over 0.6 g mL-1, the lignin granules in the composite tend to
aggregate due to decreasing relative 𝑐89:; and drive the formation of microvoids which weakens
the LZC.
Material

Maximum stress
(𝜎! , MPa)

Tensile modulus
(𝐸, MPa)

Zein, 1.0 g mL-1

3.1

101.1

LZC,
0.2 g mL-1 lignin + 1.0 g mL-1 zein

3.4

229.1

LZC,
0.6 g mL-1 lignin + 1.0 g mL-1 zein

3.9

292.4

LZC,
1.0 g mL-1 lignin + 1.0 g mL-1 zein

3.9

213.5

3.3. Extrusion printing of LZC
The applicability of LZC as an ink was demonstrated by printing 3D objects using its optimized
composition of 𝑐89:; = 1.0 g mL-1 and 𝑐=:>;:; = 0.6 g mL-1 in ethanol-water mixture at a printingspeed of 1.0 mm s-1. A few examples of printed structures are shown in Figure 3.9a. The sample
structures include sheet, multicore-cube, pyramid, multi-well vial holder, cuvette cap, tree, flower,
and circuit boards with embedded electronic components such as light emitting diodes and resistors
(Figure 3.9b-d). The resolution of the printed structure is governed by the diameter of the nozzle
(500 μm) used in the printing process. The applicability of the printed shapes and objects hinges
on the physical properties of the printed material. We find that the printed LZC is an insulator and
is stable at elevated temperatures up to 120 °C (Figure 3.10), therefore we anticipate LZCs can be
an alternative to non-degradable thermoplastics for manufacturing biodegradable circuit boards,
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which currently is a grand challenge150.

Figure 3.9. Examples of 3D printed structures using LZC. (a) Model 3D structures printed using
LZC demonstrating the versatility of the ink. The LZC blend used for the printing contained 𝑐89:;
= 1.0 g mL-1 and 𝑐=:>;:; = 0.6 g mL-1 in ethanol-water mixture. The sheet structure shown in a is
used as a model structure in biodegradability tests. (b) A light emitting diode embedded in LZC.
(c-d) A circuit board with embedded electronic components for lighting in external power OFF
and ON state.
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Figure 3.10. Current-voltage graph for LZC circuit board showing non-conductive electrical
property of LZC. Inset images: Thermal images of LZC sheet at 25 °C (left) and 120 °C (right).
Due to poor thermal conductivity of LZC, the circuit board temperature remains ~ 80 °C when
placed on a hot plate with surface temperature of 120 °C.

3.4. Biodegradability of LZC
The primary advantage of LZC is its rapid degradability under ambient conditions, showing its
excellent environmental compatibility. Here, we perform a 90-day microbial degradation study on
LZC and two commercially used plastics, acrylonitrile butadiene styrene (ABS) and PLA. The
comparative degradation was performed on a model sheet structure of identical dimension 30 mm
× 15 mm × 1 mm printed using ABS, PLA, and LZC (Figure 3.9a). Two model bacteria capable of
degrading commercial hydrocarbons were chosen for the biodegradation studies: Sphingomonas
paucimobilis and Stenotrophomonas maltophilia. S. paucimobilis is fairly ubiquitous, routinely
found in soil and water151,152. It can degrade a number of organic compounds including
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polyaromatic hydrocarbons153, polyhalogenated hydrocarbons154, and organic chloride salts155.
S. maltophilia can be isolated from soil, water, and human environments (e.g., hospitals)103,156.
S. maltophilia has been shown to degrade various hydrocarbons including PLA157,158. The
degradation of LZC in S. maltophilia can be identified visually from the decomposition of the
printed sheets in 90 days (Figure 3.11a-c), while ABS and PLA sheets retain their original shape
and size (Figure 3.11d-e). For quantitative analysis of the biodegradation process, each sample was
filtered and dried after 90 days to determine the net percentage of the weight change of each sheet
(Figure 3.11f).

51

Figure 3.11. Biodegradation of LZC, ABS and PLA. (a-e) Photographs from a 90-day microbial
degradation study of a model sheet structure printed using (a-c) LZC, (d) ABS, and (e) PLA in
aqueous media containing S. maltophilia under ambient conditions. The residual structures after
90 days indicate the rapid biodegradability of LZC. (f) The percentage residual weight of ABS,
PLA, LZC after 90 days of microbial degradation with bacterial culture media (control),
S. paucimobilis (S.P.), and S. maltophilia (S.M.). While ABS and PLA do not exhibit any weightloss during the 90-day exposure, the LZC under S. maltophilia shows a significant loss of residual
weight compared to culture media and S. paucimobilis.
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The residual weight of sheets printed using ABS and PLA after 90-day equilibration with
S. paucimobilis or S. maltophilia is nearly 100 %, indicating no degradation (Figure 3.11f).
However, residual weight of the sheet structure printed using LZC blend is ~20 % in the presence
of S. maltophilia. For the LZC sheet in media without bacteria (control) and in the presence of
S. paucimobilis, ~75% of weight remains after 90 days (Figure 3.12 and 3.13). The observed
change in weight of LZC in media and S. paucimobilis is attributed to the increase in solubility of
lignin in electrolyte solutions (culture media) due to the proton donating ability of salts159,160. As a
result, the lignin granules are dissolved in the bacterial culture media, which leaves the undissolved
zein structure. Therefore, we find that S. paucimobilis is not capable of degrading zein under tested
conditions. S. maltophilia, on the other hand, demonstrated robust LZC degradation capability
under described conditions. The degradation appears to occur via two simultaneously occurring
processes: (1) lignin granules in the zein matrix dissolve in the high ionic strength media and (2)
S. maltophilia degrade the zein structure into simple molecules such as carbon dioxide, water, and
peptides157,161. During microbial degradation of zein by S. maltophilia, the quarternay and teritary
structures of zein protein expose ionizable polar amino acids containing NH3+ and COO– such as
glutamate162. Thus, the enhanced water-protein interaction and electrostatic repulsion between
peptides increase the water solubility of the LZC162. The superior biodegradability of LZC over
other synthetic plastics in ambient condition demonstrates its potential in serving as an eco-friendly
replacement of synthetic plastics in the manufacturing industry. At the end of their lifecycle, the
structures printed from LZC can be discarded in the environment to be naturally degraded.
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Figure 3.12. Photographs for the 90-day controlled study of ABS (a-c), PLA (d-f), and LZC (g-i)
in the aqueous culture media without bacteria in ambient condition. While ABS and PLA do not
show any change in residual weight, the reduced residual weight of LZC in the culture media
(residual weight ~ 75 %) is attributed to increasing solubility of lignin in the electrolyte solution
(culture media).
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Figure 3.13. Photographs for the 90-day bacterial degradation study of ABS (a-c), PLA (d-f), and
LZC (g-i) under Sphingomonas paucimobilis at ambient conditions. While ABS and PLA do not
exhibit change in residual weight, the LZC shows 75 % of residual weight after 90 days. Since S.
paucimobilis is not active on zein, the zein skeleton structure remains undegraded after lignin is
dissolved in the culture media.
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CHAPTER 4. CONCLUSION AND FUTURE WORK
In this study, we show that the poor mechanical performance of polymer materials in additive
manufacturing can be overcome by the application of particle reinforced polymer composites. The
large surface area introduced by added particle filler provides abundant matrix-filler interaction,
and thus modulates the printability when applied as “printable ink” in polymer printing. The
objects printed from particle reinforced polymer composites exhibit an enhanced mechanical
strength while retaining the characteristic features of the matrix material, such as
thermoresponsiveness and biodegradability, which indicates a wide application of this composite
material in various fields.
In Chapter 2, we demonstrate that mechanical strength of pNIPAM can be remarkably
improved by the addition of SiNPs. This enhancement is attributed to the improved crosslinking
of pNIPAM by the addition of oppositely charged SiNPs. Rheological analysis confirms that the
interaction between polymer and nanoparticles is synergistic to increase the toughness of the
composite. The increase of NIPAM concentration drives overall increase of pNIPAM stiffness.
Without the incorporation of SiNPs, the cross-linked polymer exhibits elastic solid-like material
properties as evidenced by the profiles of G′ and G″. However, 6 M NIPAM composites with SiNPs
shows a characteristic rubber-like elasticity, which is beneficial to confer viscoelasticity of
thermoresponsive structures. The improved properties of the SiNP-pNIPAM composite enable its
printing using laser initiated thermal cross-linking. We demonstrate this ability of SiNP-NIPAM
ink by printing several complex surface patterns with spatial resolution of < 100 µm. The swellingshrinking of pNIPAM in response to change in temperature is preserved after laser printing of
SiNP-NIPAM ink. We demonstrate that a bilayer structure of dissimilar Young’s moduli is not
necessary for bending sheets in response to external stimuli, but by a smart geometric design also
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enables pre-programming the equilibrium curvature of the printed network sheets at T > LCST.
We show that by programming the inclination of lines within a network representing the vein
structure of leaves leads to their directed reconfiguration mimicking the bending of leaves in nature.
The study presents a principle of directed printing of high-resolution, thermoresponsive structures
that can reconfigure into desired 3D shapes thus presenting a new platform for manufacturing
adaptive and responsive microscale components for soft robotics.
In Chapter 3, we presented a strategy to synthesize a new class of 3D printable, bio-based
LZC which degrades upon release into natural environment. An interplay of the solubility of lignin
and zein in ethanol-water mixture allows for 3D printing complex shapes using an extrusion
process. We demonstrate that in LZC blend, lignin exists in its granular state, which imparts a
shear-thinning behavior that enables extrusion 3D printing of the LZC composite. After extrusion,
a controlled evaporation of solvent drives a spontaneous phase separation and precipitation of zein
on the surface of lignin granules. Here, the role of zein is to interlink the lignin granules and
transform the printed structure from a viscoelastic fluid to a solid. We demonstrated the versatility
of the ink to print complex 3D structures including holders, caps, and circuit boards with attached
electronic components. We find that the structures printed using LZC can be degraded to ~ 20 %
of its initial weight within 90 days of exposure to model bacteria under ambient conditions, which
is not the case for PLA and ABS. The LZC developed in this work has three advantages: (1) use
of inexpensive industrial by-products lignin and zein as precursors, and benign solvents, viz.
ethanol and water; (2) nozzle-extrusion properties for robust 3D printability, and (3) rapid
degradability under ambient conditions. We believe that because of these advantages, LZC
provides a unique platform for developing materials requiring minimal waste treatment and
recycling, and thus assist in addressing the global challenge of plastic pollution.
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Beside presented processing methods, we can extend the application of particle reinforced
polymer composite into non-contact printing directed by external fields. In preliminary
experiments, we demonstrated that spike-like structures can be formed when magnetic field is
applied on ferric oxide (Fe2O3) particle reinforced composite. An epoxy-based liquid photoresist,
SU-8, is applied here as polymer matrix. When magnetic field is applied vertically on the particlepolymer mixture, we can observe the formation of spike-like structures. The formation of spikes
is originated from the induced assembly of particle in magnetic field. The geometry of the spikes
is determined by the forces balanced on the particle, which includes surface tension of the liquid
polymer, magnetic force and gravity. The shape of the spikes can be controlled by modifying the
intensity of magnetic field. After formation, spikes are exposed to UV to allow the rapid crosslinking of SU-8, which further results in the hardening of spikes. In the future work of this study,
we can prepare a surface with printed spikes, which can be expected as water collector to gather
the moisture in the air.
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APPENDIX A. PREPARATION AND CHARACTERIZATION OF SILICAPNIPAM NANOCOMPOSITES
A.1. Sample preparation
N-isopropylacrylamide (NIPAM) was dissolved as monomer in aqueous mixture of 4:1 deionized
water (18.2 MΩ cm) and ethanol to prepare the printable ink. N,N’-methylenebis(acrylamide)
(MBA)

was

added

to

the

mixture

as

crosslinker

and

2,2'-Azobis(2-

methylpropionamidine)dihydrochloride (V50) was added as thermal initiator to trigger the radical
polymerization induced by 1500 mW laser. A certain concentration of silica nanoparticles (SiNPs)
were dispersed in the mixture before the printing process. In this study, Ludox-TMA silica
nanoparticles were filtered and dialyzed in DI water for one week before the printing process. The
particles were characterized for their size (mean diameter ~ 30 nm), and surface charge (zeta
potential ~ -45 mV at pH 8) using AntonPaar LiteSizer 500, as shown in Figure A.1.
A.2. Image analysis
A solid, clear white region in picture suggests cross-linked hydrogel after printing. To quantify the
dissolution of the printed lines systematically, we correlated the grey scale value of each picture
in Figure 2.2(a) with the concentration of the composite. Each picture was transformed in grey
scale image and then the grey scale values can be extracted. High grey scale value indicates “white
area”, which is related to better polymerized part of SiNP-pNIPAM composite. The profile of the
grey scale value intensity was shown as a peak after initial printing and its maximum was located
in the center of the printed line.
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Figure A.1. Time correlation function and particle size distribution of SiNPs and SiNPs-NIPAM
mixture determined by Dynamic Light Scattering (DLS). The characteristic decay time for SiNPs
increases upon the addition of 0.03 M NIPAM, indicating an increase in size of the scattering
object, here inferred as aggregate formation. The mean hydrodynamic diameter increases from ~
30 nm to ~ 200 nm due to the bridging of negatively charged SiNPs with NIPAM monomer.

A.3. Microscopic characterization
SEM (JEOL JSM-6610LV) operated at 5 kV was used to visualize the microstructure of printed
SiNP-pNIPAM composite on cross-sectional area. Samples were dried under room temperature
overnight and then coated with platinum to enhance the imaging contrast. The specimen stage was
tilted to 20° to observe the cross-sectional cut surface of the sample. EDX equipped with SEM
was used to image the surface structure and analyze the distribution of elements on cross-section.
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A.4. Rheometry
Samples for oscillating rheometry were prepared as previously described and cut into 8 mm disks
using a biopsy punch. Sample heights were in the range 460 to 540 µm. Using a TA Discovery
HR-2 rheometer with an 8 mm parallel plate, storage (G') and loss (G") moduli of composites were
determined from 0.1 to 10 Hz at strain 10% by frequency sweeping

A.5 Small Angle X-ray Scattering (SAXS) data acquisition and analysis
SAXS measurements are performed on Xeuss 2.0 instrument (Xenocs, France), equipped with Cu
K-α energy source, and the sample-to-detector distance of the instrument is 6.5 m. The experiments
are performed in a quart capillary cell of diameter 0.1 mm. The 2D scattering data is radially
averaged and 1D scattering profiles are obtained using Igor software package163, and further data
analysis is performed using SASfit software. The scattering profile for 1 wt % SiNP with
increasing concentration of pNIPAM is shown in Figure A.2, where I(q) is the scattering intensity
and q is the scattering vector. The scattering data fitting is based on the equation A.1164

𝐼 (𝑞) = 𝑁(𝛥𝜌)! |𝐹(𝑞)|! 𝑆(𝑞)

(A.1)

where 𝑁 is the number of particles in the scattering volume, 𝛥𝜌 is the scattering contrast between
SiNPs and aqueous matrix, |𝐹(𝑞)|! is the form factor of the scattering object (here SiNPs), and
𝑆(𝑞) is the structure factor. It should be noted that due to large scattering contrast between silica
and NIPAM, the SAXS profile is dominated by the scattering from SiNPs, and no significant
scattering contribution is generated from NIPAM. Here we perform structure factor analysis using
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a fixed form factor of spheres representing SiNPs. The structure factor is analyzed using squarewell (SW) potential165,166,

𝑉BC

+∞
= u−𝑢
0

0 < 𝑟 < 𝜎
𝜎 < 𝑟 < 𝜎 + 𝛥
𝑟 > 𝜎 + 𝛥

(A.2)

Where σ is the hard-core diameter, 𝑢 is the well depth, and 𝛥 is the well width. The PercusYevick (PY) approximation for this SW potential is solved by small expansion 𝜀 = 𝛥 / (𝜎 + 𝛥),
and 𝑆 (𝑞) is a function of the 𝜎, 𝛥, 𝑢 and the volume fraction 𝜑. The sticky-hard-sphere (SHS)
model is applied when 𝑢 tends to be infinity and 𝛥 tends to be zero167.Under these limitations, the
interaction is depended on a single variable, the stickiness parameter 𝜏 (& , which is defined by 𝜀
and 𝑢122

𝜏 = ( 1 / 12𝜀) 𝑒𝑥𝑝( − 𝑢 / 𝑘@ 𝑇)

(A.3)

where 𝑘A is the Boltzmann constant and T is the temperature. 𝜏 is proportional to the
dimensionless temperature, and the best fitting parameters are listed in Table A.1. Further details
on the structure factor can be found in previous publications114,122,165.

62

Figure A.2. Experimental SAXS intensity profiles of 1 wt % SiNPs with increasing concentration
of NIPAM dissolved in water. The increase in low-q slopes upon the addition of NIPAM highlights
the aggregation of SiNPs. The circles are experimentally measured data points and the black lines
are fits using form factor of spheres and square-well Percus-Yevick (SWPY) structure factor. The
structure factor is included only for the mixture of SiNPs and NIPAM. Here the curves are shifted
by a constant factor of 10 for better visualization.

Table A.1. The interaction energy parameters of SWPY model: well-width (Δ) and well-depth (u),
as estimated by structure factor analysis of the SAXS profiles. In the absence of NIPAM, no
attractive interactions exist between the SiNPs, therefore no structure factor is included.
Concentration of NIPAM
(M)

Δ
(nm)

u/kBT

0

-

-

3

0.6

3.6

6

0.6

3.7
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APPENDIX B. PREPARATION AND CHARACTERIZATION OF LIGNINZEIN COMPOSITES
B.1. Printable paste ink preparation
Zein powder (Acros Organics) was dissolved in 4:1 mixture of absolute ethanol and water. Then,
granular dealkaline lignin (Tokyo Chemical Industry Co., Ltd.) was dispersed in zein solution. The
concentration of dealkaline lignin was higher than its solubility limit in the aqueous mixture and
thus the mixture is oversaturated with lignin. With optimized concentration of lignin, the paste can
be transformed from honey-like zein solution to clay-like lignin-zein composite, which is preferred
in extrusion 3D printing. The composite ink is then transferred to a commercial printer (Culture
3D Tissue Scribe) to 3D print desired structures. All experiments were performed with ultrapure
water of resistivity 18.2 M𝛀-cm.
B.2. Material characterization
A Leica DM6 upright microscope equipped with a Leica DFC9000 GTC camera and a Leica EL
6000 ﬂuorescence light source was used for imaging the dried filamentous structures in brightfield
and fluorescence modes. The drying process and the zein shell formation on lignin was visualized
at 25 °C on the light microscope. Scanning electron microscopy (JEOL JSM-6610LV, 5 kV
operating voltage) was used to visualize the microstructure of printed lignin-zein composite at
higher resolution. All the samples for SEM were dried at 25 °C and coated with platinum to
minimize charging effects during the imaging.
B.3. Rheometry
Composite paste samples for oscillating rheometry with fixed concentration of lignin or zein were

64

prepared as described above. TA Discovery HR-2 rheometer was used for oscillating rheometry
with 25 mm parallel plates. Sample heights were in the range of 900-1000 μm. Storage (G′) and
loss (G″) moduli and tan δ of composite samples were recorded by time sweeping from 0 to 30
minutes immediately after mixing to demonstrate the drying process of each sample. Oscillating
frequency was fixed at 1 Hz and strain was at 10%.
B.4. Tensile strength
A dog-bone shape was used on tensile tester (InstronTM Mechanical Test System 5696) equipped
with a 50 N loadcell to evaluate the tensile strength of printed structure. Maximum stress, tensile
modulus and elongation at break were measured and analyzed.
B.5. Biodegradation
Sheet samples printed from ABS, PLA, and LZC (𝑐89:; = 1.0 g mL-1 and 𝑐=:>;:; = 0.6 g mL-1)
were used in biodegradation tests. The printed sheets of dimension of 30 mm × 15 mm × 1 mm
were kept in 15 mL minimal media solution (composition of media solution: K2HPO4 (2.34 g L-1),
KH2PO4 (1.33 g L-1), MgSO4·7H2O (0.20 g L-1), (NH4)2SO4 (1.00 g L-1), NaCl (0.50 g L-1), CoCl2
(0.0019 mg L-1), NiCl2 (0.0118 mg L-1), CrCl2 (0.0063 mg L-1), CuSO4 (0.0157 mg L-1), FeCl3
(0.9700 mg L-1), CaCl2 (0.7800 mg L-1) and MnCl2 (0.0100 mg L-1) dissolved in deionized water
at pH = 7).157 After autoclaving the sheet samples, Sphingomonas paucimobilis (ATCC 29837) and
Stenotrophomonas maltophilia

(ATCC 13636) (MicroBioLogics) were inoculated respectively

to the samples to test their biodegradability under selected microorganisms. The inoculum was
grown in nutrient broth for 24 hours before inoculation to ensure the microorganism was in the log
phase of growth, inoculum (0.1 mL) was placed in each vial except the controls of each composite.
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Printed ABS, PLA, and LZC sheets were prepared in the same manner to serve as comparison in
this experiment. Triplicates of all composites and bacterium were prepared. A 90-day
biodegradation test was performed after inoculation at 30 °C under ambient pressure. Images were
taken using a digital camera to visualize the degradation process of each sample. At the end of 90
days, the samples were filtered through a Buchner funnel fitted with a filter paper to collect residual
structure of the composite. The remaining structure were allowed to dry to obtain the final weight
of each sample.
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